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Transparent conducting or semiconducting oxides are an important class of materials for (transparent) op-
toelectronic applications and – by virtue of their wide band gaps – for power electronics. While most of
these oxides can be doped n-type only with room-temperature electron mobilities on the order of 100 cm2/Vs,
p-type oxides are needed for the realization of pn-junction devices but typically suffer from exessively low
(<‌<1 cm2/Vs) hole mobilities. Tin monoxide (SnO) is one of the few p-type oxides with a higher hole mobility
yet is currently lacking a well-established understanding of its hole transport properties. Moreover, growth
of SnO is complicated by its metastability with respect to SnO2 and Sn, requiring epitaxy for the realization
of single crystalline material typically required for high-end applications. Here, we give a comprehensive
account on the epitaxial growth of SnO, its (meta)stability, and its thermoelectric transport properties in
the context of the present literature. Textured and single-crystalline, unintentionally-doped p-type SnO(001)
films are grown on Al2O3(00.1) and Y2O3-stabilized ZrO2(001), respectively, by plasma-assisted molecular
beam epitaxy and the epitaxial relations are determined. The metastability of this semiconducting oxide
is addressed theoretically through an equilibrium phase diagram. Experimentally, the related SnO growth
window is rapidly determined by an in-situ growth kinetics study as function of Sn-to-O-plasma flux ratio
and growth temperature. The presence of secondary Sn and SnOx (1 < x ≤ 2) phases is comprehensively
studied by x-ray diffraction, Raman spectroscopy, scanning electron microscopy, and x-ray photoelectron
spectroscopy, indicating the presence of Sn3O4 or Sn as major secondary phases, as well as a fully oxidized
SnO2 film surface. The hole transport properties, Seebeck coefficient, and density-of-states effective mass are
determined and critically discussed in the context of the present literature on SnO, considering its strongly
anisotropic effective hole mass: Hall measurements of our films reveal room temperature hole concentrations
and mobilities in the range of 2·1018 to 1019 cm−3 and 1.0 to 6.0 cm2/Vs, respectively, with consistently higher
mobility in the single-crystalline films. Temperature-dependent Hall measurements of the single-crystalline
films closest to stoichiometric, phase-pure SnO indicate non-degenerate band transport by free holes (rather
than hopping transport) with dominant polar optical phonon scattering at room temperature. Taking into
account the impact of acceptor band formation and the apparent activation of the hole concentration by
40–53meV, we assign tin vacancies rather than their complexes with hydrogen as the unintentional acceptor.
The room temperature Seebeck coefficient in our films confirms p-type conductivity by band transport. Its
combination with the hole concentration allows us to experimentally estimate the density of states effective
hole mass to be in the range of 0.8 to 4 times the free electron mass.
I. INTRODUCTION
Most of the used semiconducting oxides are n-type, re-
ducing the applications of semiconducting oxides mainly
to unipolar devices. This is in part related to the low
hole mobilities arising from the strong localization of
the O 2p orbitals that make-up the valence band max-
ima (VBM) with little dispersion, i.e. high hole effec-
tive mass. For example, the hole mobility in the p-
type semiconducting oxides NiO:Li,1 NiO,2 Cr2O3:Mg,3
and LaScO3:Sr4 is significantly lower than 1 cm2/Vs, be-
ing best described by polaronic hopping instead of band
transport.2,5 As a solution hybridization between O 2p
and more spread orbitals by the concept known as “chem-
ical modulation of the valence band” has been proposed
to increase the dispersion of the VBM and thus decrease
the hole effective mass.6One candidate for hybridization
are lone-pair ns2 orbitals.5 For example, 5s2 in Sn2+
of SnO forms a stable configuration with the O 2p or-
bitals, making SnO an interesting material for p-type ox-
ide electronics.5 In fact, hole mobilities between 1 and
5 cm
2
Vs have typically been obtained by Hall measure-
ments of SnO films.5,7–10 More recently, hole mobilities
as high as 30, 21, and 19 cm
2
Vs have been reported for
polycrystalline SnO bulk ceramics,11 optimized epitaxial
SnO(001) layers,12 and polycrystalline, mixed SnO+Sn
films,13 respectively. Thus, reasonably high hole mo-
bilities together with a direct bandgap absorption edge
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2around 2.6–3.2 eV (and only weak optical absorption by
its indirect band gap of 0.6 eV),5,7,8 fuel the interest in
SnO as a p-type semiconducting oxide for transparent
thin film transistor applications.10 The observed p-type
conductivity of unintentionally doped (UID) SnO has
been correlated by first-principle calculations with Sn
vacancies14 or their complexes with hydrogen15 acting
as shallow acceptors, whereas oxygen interstitials were
predicted to be electrically inactive.14,15
SnO thin films have been grown by various methods,
such as electron-beam evaporation16 or reactive DC mag-
netron sputtering,13 both followed by thermal annealing,
reactive ion beam sputter deposition,9 pulsed laser depo-
sition (PLD) from an oxide target10,12,17 or a metallic Sn
target18, and molecular beam epitaxy (MBE).8,19,20 The
largest challenge for the growth of phase pure SnO is its
metastability with respect to its stable relatives Sn and
SnO2.
At present the MBE growth of SnO is a rather unex-
plored field with reports on the formation of polycrys-
talline SnO from the Sn-vapor in the presence of py-
rolyzed NO219 or reactive oxygen (followed by an anneal-
ing step)20. Using MBE phase-pure, single crystalline
SnO(001) films have so far only been realized by sublim-
ing SnO2 source material onto the heated r-plane sap-
phire substrate without supplying additional oxygen.8
This is related to the fact that sublimation of SnO2 pro-
duces gaseous SnO and oxygen species.21
In this study, we demonstrate the growth of textured
and single-crystalline SnO(001) films on Al2O3(00.1)
and Y2O3-stabilized ZrO2(001) [YSZ(001)], respectively,
from the Sn-vapor using oxygen plasma-assisted MBE.
After discussing the temperature-composition phase dia-
gram of the Sn-O-system obtained from thermochemical
considerations, we experimentally establish the related
growth window using in-situ analytics of the growth rate
of SnO2 and the desorption of SnO from the growth front.
The formed phase(s), epitaxial relation to the substrate,
and structural properties of films grown at different con-
ditions are shown. The hole transport properties are de-
termined and discussed in the context of existing liter-
ature on SnO. In particular, the room-temperature hole
concentration and Seebeck coefficient of all films are de-
termined and utilized to estimate the density-of-states
effective hole mass. Temperature-dependent hole trans-
port properties reveal band transport with a hole mo-
bility limited by polar optical phonon scattering and a
free-hole activation energy of 53meV which is compared
to theoretically predicted acceptor ionization energies.
II. EXPERIMENT
SnOx films were grown by plasma assisted molec-
ular beam epitaxy as generally described in Ref. 22
on 2-inch c-plane sapphire [Al2O3(00.1)] or quarters of
2-inch YSZ(001) substrates. Both types of substrates
were covered with 1 µm titanium by sputter deposition
on the rough backside to improve its radiative heating
from the SiC heating filament. The growth tempera-
ture Tg was measured by a thermocouple between sub-
strate and heating filament. To improve heating and
layer uniformity the substrate was continuously rotated
at two rotations per minute. Sn (7N purity) was evapo-
rated from a shuttered single filament effusion cell oper-
ated at 1175 ◦C, resulting in a beam equivalent pressure
of ≈ 1.2 · 10−7 mbar at the substrate position. Acti-
vated oxygen was provided by passing a controlled flow of
O2 (6N purity) through a radio-frequency (RF) plasma
source (run at a fixed RF power of 300W) directed at
the substrate. Before growth a 20–30min oxygen plasma
cleaning was performed at Tg =700 ◦C and an oxygen
flux of 0.5 standard cubic centimeters per minute (sccm).
After that the substrate temperature was ramped to the
desired growth temperature and the oxygen flux was re-
duced to the desired growth flux (fg). Growth was ini-
tiated and terminated by opening and closing the Sn-
shutter, respectively. After film growth the substrate
temperature was ramped down at 0.5◦C/s to 200 ◦C un-
der the O-plasma (using the O-flux as during growth)
followed by further cooldown to room temperature in vac-
uum.
The growth rate and amount of desorbing 136SnO was
measured in-situ using laser reflectometry (LR) and line-
of-sight quadrupole mass spectrometry (QMS), respec-
tively, as described in Ref. 22. These measurements
allowed us to determine the growth window of SnO
on c-plane sapphire substrates. Afterwards, individual
SnOx layers were grown on Al2O3(0001) and YSZ(001)
at slightly different growth conditions.
These SnOx layers were structurally investigated by
X-ray diffraction (XRD) and Raman spectroscopy. XRD
was measured in a four-circle diffractometer using Cu
Kα-radiation and a 1mm detector slit. The Raman spec-
troscopic measurements were performed at room temper-
ature in the backscattering geometry with optical excita-
tion at wavelengths of 473 nm (photon energy of 2.61 eV)
by a solid-state laser and at 325 nm (3.81 eV) by a He-Cd
laser. The incident laser light was focused by a micro-
scope objective onto the sample surface. The backscat-
tered light was collected by the same objective, spec-
trally dispersed by an 80-cm spectrograph and detected
by a liquid-nitrogen-cooled charge-coupled device. The
Raman spectra were recorded in the polarized configu-
ration (parallel polarizations of incoming and scattered
light) using a linear polarizer to analyze the detected
light. Top-view scanning electron microscopy (SEM) im-
ages were taken from all films.
On a selected sample, qualitative depth profiling of
the valence band structure and Sn 3d5/2 core level was
performed by photoelectron spectroscopy taking advan-
tage of the dependence of the photoelectron mean free
path λ = λ0 × cos (TOA) on the take-off-angle (TOA,
0◦ corresponds to normal emission) and kinetic energy
of the photoelectron (equalling the difference of photon
energy and binding energy) using soft X-rays (1468.6eV,
3Figure 1. Equilibrium phase diagram of the Sn-O system as
function of stoichiometry and temperature at a typical pres-
sure in the MBE growth chamber of 10−6mbar. Stoichiome-
tries of nSn/(nSn + 2nO2) = 0, 1/3, 1/2, and 1 correspond
to pure O2, SnO2, SnO, and Sn, respectively. Constituents
labeled “(s)”, “(l)” and “(g)”, are solid, liquid, and gaseous,
respectively. The phase labeled “*” denotes SnO(g)+Sn(g).
For comparison to Fig. 2 the light blue and light orange shaded
areas corresponds to an oxygen-rich and tin-rich growth
regime of SnO2, respectively, and the green and blue arrows
indicate the used strategy of determining the growth window
for SnO-growth as described in the following sub-section.
λ0 ≈ 1.8 nm in SnO, Thermo Sigma-probe XPS system,
SXPES) for surface sensitivity as well as hard X-rays
(HAXPES, 5956.3 eV, λ0 ≈ 6.9 nm in SnO, beamline
BL15XU at the Spring-8 synchrotron23) for bulk sensi-
tivity as described in Ref. 24. Measurements were per-
formed using the TOAs of 9.7, 54.7, 84.7 and 5.0, 50.0,
70.0 ◦ in SXPES and HAXPES, respectively.
In addition, Seebeck and Hall measurements in the
van-der-Pauw geometry, as described in Ref. 25, were
used to investigate the transport properties of the differ-
ent layers at room temperature. Temperature dependent
Hall measurements on a selected SnO sample were per-
formed as described in Ref. 26.
The thermal stability of the SnO phase was in-
vestigated using rapid thermal annealing (RTA) at
diffrent tempratures in nitrogen, oxygen and forming gas
(N2 + H2) at atmospheric pressure. In addition, the sta-
bility under storage in air was investigated by regular
Hall measurements of a film over a period of 120 days.
III. THERMODYNAMICS OF THE GROWTH WINDOW
Common challenges for the growth of phase-pure SnO
are its metastability with respect to the disproportion-
ation into SnO2 and Sn, as well as the adjustment of
the stoichiometry to prevent the formation of secondary
SnO2 or Sn phases. Fig. 1 illustrates this situation with
the help of the equilibrium Sn-O phase diagram calcu-
lated by the FactSage 7.3 software package27 as a func-
tion of stoichiometry nSn/(nSn + 2nO2) and tempera-
ture. While solid phases [labeled by “(s)”] of Sn, SnO,
and SnO2 are present, the calcuations did not predict
stability of the intermediate oxides Sn2O3 and Sn3O4.
Note that despite the non-equilibrium nature of thin film
growth, equilibrium phase diagrams can provide guidance
as discussed next: Firstly, the stability region of SnO at
temperatures between 197 and 410 ◦C (and dispropor-
tionation outside this region) rationalizes why most SnO
films have been obtained at growth or annealing tem-
peratures in this temperature range;7–9,12,17,20 secondly,
during growth by reactive sputtering9,13, PLD,10,18 or
MBE19 the formation of secondary SnO2 or Sn-phases
has been controlled by adjusting the stoichiometry of the
source vapor, i.e., the oxygen (background) pressure at
fixed flux of SnOx from the source, in qualitative agree-
ment with the equilibrium stoichiometry dependence in
the phase diagram. The blue or orange shaded regions
as well as colored arrows in Fig. 1 indicate the relation to
the in-situ determination of the growth window discussed
next.
IV. RAPID IN-SITU KINETIC DETERMINATION OF THE
GROWTH WINDOW
We have previously demonstrated that suboxide-
possessing binary oxides generally grow in MBE by
a two-step kinetics through intermediate suboxide
formation.28 For example, during the growth of SnO2,
Sn is oxidized to the suboxide SnO (Sn + O→ SnO) in
the first step. In the second step SnO is further oxidized
to SnO2 (SnO + O→ SnO2) if sufficient oxygen is avail-
able. Thus, at a sufficiently high Sn/O flux ratio the sec-
ond step is suppressed, preventing the growth of SnO2.
In addition, a sufficiently high growth temperature leads
to desorption of the intermediate SnO that does not get
further oxidized and thus does not contribute to film
growth.29
By taking advantage of this behavior we determined
the stoichiometric metal to oxygen flux ratio for the SnO
formation by simultaneously measuring the growth rate
of SnO2 and the desorption of SnO in-situ on a single
Al2O3(0001) substrate at Tg = 700 ◦C, which is high
enough to result in desorption of SnO that cannot get
further oxidized. In contrast to Refs. 22,29, in which the
growth rates for varying Sn flux are discussed at fixed
O-flux, we kept the Sn-flux constant and gradually de-
creased the O-flux from fg = 1.0 to 0.2 sccm, which cor-
responds to a transition from the SnO2(s)+O2(g) to the
SnO(g)+SnO2(s) phase (green, dashed arrow in Fig. 1).
The corresponding diagram shown in Fig 2 exhibits a con-
stant, high SnO2 growth rate without SnO desorption for
fg ranging from 1 sccm to 0.36 sccm (blue shaded region).
This bevavior indicates oxygen-rich growth conditions
under which the entire Sn-flux is oxidized to SnO2,22,28,29
corresponding to a stoichiometry in the region of the
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Figure 2. SnO2 growth rate (black discs) and desorbing SnO
flux (red squares) as function of oxygen flux, identifying two
growth regimes: oxygen rich (blue) and metal rich (orange).
Red and black lines are guides to the eye. The inset shows
the desorbing SnO flux at fixed oxygen flux as a function of
growth temperature. To facilitate comparison to the phase
diagram the green dashed and blue dotted arrows correspond
to those in Fig. 1.
SnO2(s)+O2(g) phase in Fig. 1. Decreasing fg from
0.36 sccm (orange shaded region) leads to a decreas-
ing SnO2 growth rate and simultaneously increasing SnO
desorption, indicative of Sn-rich growth conditions22,28,29
and a corresponding stoichiometry in the region of the
SnO(g)+SnO2(s) phase in Fig. 1. In this case part of
the SnO which is formed in the first step desorbs due
to an insufficient O-flux for the second oxidation step.28
Consequently, the extrapolated fg = 0.15 sccm at which
SnO2 growth ceases corresponds to the complete sup-
pression of the second oxidation step, an Sn/O-flux ratio
for stoichiometric SnO formation, and the phase bound-
ary between SnO(g)+SnO2(s) and SnO(g)+Sn(l) at
nSn/(nSn + 2nO2) = 0.5 (marked by the end of the green
arrow) in Fig. 1.
Next, we determined the Tg-dimension of the SnO
growth window at the approximately stoichiometric oxy-
gen flux of 0.15 sccm for SnO formation by measuring
the desorbing SnO-flux in-situ in the range of 300 ◦C≤
Tg ≤700◦C on the same Al2O3(00.1) substrate, corre-
sponding to the blue, dotted arrow in Fig. 1. The results
shown in the inset of Fig. 2 reveal negligible SnO desorp-
tion at TG ≤ 500 ◦C, indicating the growth of solid SnO
at the used fluxes.
V. EPITAXIAL GROWTH, PHASES, EPITAXIAL
RELATION
Individual SnOx thin film samples were epitaxially
grown on YSZ(001) and Al2O3(00.1) within the delin-
eated growth window and the formed phases and struc-
tural properties were determined. The following crystal
structures and phases can (potentially) be found in the
grown samples: YSZ crystallizes in the cubic, fluorite
structure with a lattice parameter of about a = 0.512 nm,
whereas sapphire (Al2O3) possesses the corundum struc-
ture with lattice parameters a = 0.4763 nm and c =
1.3003 nm. Sn crystallizes in a tetragonal structure with
lattice parameters a = 0.583 nm and c = 0.318 nm.30
The best documented and most stable SnOx phases are
the tetragonal rutile SnO2 with lattice parameters of
a = 0.474 nm and c = 0.319 nm,31 and tetragonal α-SnO
with a = 0.380 nm, c = 0.484 nm.32 In addition, the inter-
mediate phases Sn2O3 and Sn3O4 have been identified in
the past both with monoclinic as well as triclinic crystal
structures. The monoclinic structure has been theoret-
ically predicted for both stoichiometries by the cluster
expansion technique33 and by ab initio calculations.34 In
an early experimental paper Lawson identified the tri-
clinic structure for Sn3O4 using XRD,35 whereas later
White et al. determined Sn3O4 to be monoclinic by pre-
cession electron diffraction measurements.36 For Sn2O3 a
triclinic phase has been identified using powder diffrac-
tion by Murken and Trömel37 and has been confirmed
by Kuang et al.38 for nanostructures formed by a hy-
drothermal method. The 2Θ- angles of XRD reflexes of
the triclinic phases of Sn2O337 and Sn3O435 are similar
enough to impede an unambiguous distinction of both
phases by XRD. Likewise, the spread of theoretically and
experimentally determined crystal structures and lattice
parameters for Sn3O4 and related 2Θ- angles of XRD
reflexes make it difficult to unambiguously distinguish
Sn3O4 from other SnOx phases (including Sn) by XRD.
Raman spectroscopy is a powerful alternative method
for phase identification. In contrast to XRD, Raman
spectra of monoclinic and triclinic Sn3O4 do not dif-
fer drastically.34,39 Furthermore, Eifert et al. have pre-
dicted distinctly different Raman spectra for monoclinic
Sn3O4 and Sn2O3 by first principles calculations.34 In a
series of SnOx samples prepared by ion-beam sputter-
ing with x varying from 1 to 2, they have only identified
the presence of Sn3O4 as intermediate phase by Raman
spectroscopy.34 In agreement with that work we have not
identified spectral features which could be assigned to
Sn2O3 in Raman spectra of our films, either, and will
therefore focus on Sn3O4 as intermediate phase. The
measured Raman spectra of all our epitaxial films are,
in general, well described by a superposition of contribu-
tions from different oxide phases in addition to spectral
features originating from the substrate and metallic Sn
in certain cases. The peak positions of the dominant
Raman peaks expected for the oxide phases SnO,34,40,41
SnO2,34,42,43, and Sn3O434,39,41,44 as well as metallic Sn45
are indicated in Figs. 3(c,d) and 4(c,d) as vertical dashed
lines. In the case of SnO2 it has been taken into ac-
count that for the polarization configuration of our ex-
periments only the A1g phonon mode at 638 cm−1 can
be observed.42
5Whereas the optical probing depth (αi+αs)−1 in SnO
is 260 nm for excitation at 2.62 eV, only 5 nm below the
surface is probed when excitation at 3.81 eV is chosen (αi
and αs are the absorption coefficents at the photon en-
ergies of the incoming and scattered light, respectively,
taken from Ref. 8). Consequently, the bulk properties
of epitaxial films consisting mainly of SnO can be inves-
tigated when using excitation at 2.62 eV (similar to the
case of XRD measurements), while at 3.81 eV just the
near surface layers are probed. Regarding the sensitivity
for different oxide phases, it has to be considered that the
dielectric function (ω) of SnO8 and the absorption spec-
trum of Sn3O444 exhibit maxima in the near ultraviolet
spectral range which are connected with large absolute
values of the derivative |d/dω| both at photon energies
of 2.6 and 3.8 eV. Under this prerequisite, strong reso-
nance enhancements in efficiency of Raman scattering are
expected.46,47 For SnO2, in contrast, the onset of strong
optical absorption at 4.28 eV extracted from the ordinary
diecelectric function does not result in a particularly large
value of |d/dω|.48 As a consequence, the sensitivity for
the detection of Raman signals is expected to be better
for SnO and Sn3O4 compared to SnO2 at both excitation
energies (2.62 and 3.81 eV) chosen for our experiments.
A. Growth on Al2O3(00.1) at different temperatures
Three samples, A500, A400, and A300, were grown for
≈ 30min on individual Al2O3(00.1) substrates at fixed
fG = 0.15 sccm and Tg =500 ◦C, 400 ◦C, and 300 ◦C,
respectively. Fig. 3 shows structural informaton of the
resulting films obtained by XRD, SEM, and Raman scat-
tering.
For sample A500, XRD [Fig. 3(a)] indicates only the pres-
ence of trigonal Sn3O4,35 and possibly SnO2 and Sn
(whose 2Θ angles overlap with those from Sn3O4). In
agreement, bulk sensitive Raman scattering [Fig. 3(c)] in-
dicates a strong contribution from Sn3O4 but also weak
SnO-related peaks. Surface sensitive Raman scattering
[Fig. 3(d)] shows additional minor fractions of Sn. The
absence of a major fraction of SnO shown by all these
results is in qualitative agreement with a disproportion-
ation of SnO at temperatures above 410◦C predicted by
the phase diagram (Fig. 1). Different from the phase dia-
gram, however, Sn3O4 instead of SnO2 is formed as major
oxide phase. The SEM image shows a ≈ 300 nm-thick,
porous, polycrystalline layer.
Better ordered, ≈ 130 nm-thick films (A400 and A300)
were obtained at growth temperatures of 400 and 300◦C
as shown by the corresponding SEM images [Fig. 3(b)].
XRD of these films [Fig. 3(a)] shows only the SnO(002)
reflex besides the (00.6) one of the Al2O3 substrate, in-
dicating phase-pure SnO, in agreement with the stability
region for SnO at these temperatures in the phase di-
agram (cf. Fig. 1). The phase purity is corroborated by
the bulk sensitive Raman spectra [Fig. 3(c)]. A slightly
higher crystal quality at 400 ◦C is signified by the sharper
SnO(002) peak and the lower full width at half maxi-
mum (FWHM) of the ω-rocking curve of the SnO(002)
reflex (1.1◦ and 1.9◦ for A400 and A300, respectively, not
shown). The mismatch of rotational symmetry [6-fold for
the Al2O3(00.1) surface and 4-fold for the SnO(001) film]
is predicted to result in three rotational domains,49 which
is indeed reflected by the 12 SnO{101} peaks in the skew
symmetric Φ-scan of A400 shown in the inset of Fig. 3(a).
The three Al2O3{10.2}-peaks in the Φ-scan (indicating
the three-fold bulk rotational symmetry of the corundum
structure) appear at values of Φ that coincide with {101}
peaks of the SnO film on top of the substrate. From these
data we can establish the out-of-plane and in-plane epi-
taxial relation of SnO on c-plane Al2O3 as:
SnO(001) ||Al2O3(00.1) for all domains, and
SnO(100) ||Al2O3(01.0), (−11.0), and (0− 1.0)
for domains 1–3, respectively.
Interestingly, the surface sensitive Raman spectra
[Fig. 3(d)] show Sn3O4 peaks with similar strengths as
the SnO-related ones in A400 and A300, indicating an
oxidized surface, likely related to the cooldown of the film
to 200◦C in oxygen plasma after growth. The stronger
Sn3O4 peak intensity of A400 compared to that of A300
would also agree with the longer time under oxygen
plasma during cooldown for A400 allowing a deeper ox-
idation of the SnO surface. [Please note that the rela-
tive intensities of the B1g (115 cm−1) and A1g (210 cm−1)
phonon lines from SnO are obviously influenced by indi-
vidual resonance enhancements occuring for excitation at
2.62 and 3.81 eV, respectively.] The platelets seen in the
SEM image of A400 [Fig. 3(b)] show a striking similarity
to those of hydrothermally synthesized Sn3O450, further
corroborating the assignment of this surface phase.
B. Growth on YSZ(001) at different O-fluxes
Based on the highest crystalline quality of the SnO
in A400 a growth temperature of 400 ◦C was chosen
for the subsequent growth experiments using YSZ(001)
substrates. The four-fold rotational symmetry of this
cubic substrate matches that of the SnO(001) surface
and has been shown to prevent the formation of ro-
tational domains in PLD-grown films.10,17 Four differ-
ent oxygen fluxes (0.18 sccm, 0.15 sccm, 0.12 sccm and
0.10 sccm) in the vicinity of the stoichiometric flux of
0.15 sccm (extrapolated in Fig. 2) were used to study
their impact on phase formation. Fig. 4 shows the struc-
tural data of the resulting four, ≈ 120 nm-thick films
(Y18, Y15, Y12, and Y10, respectively). The sample
Y18 (0.18 sccm) shows only weak XRD peaks [Fig. 4(a)]
likely related to the polycrystalline, disordered struc-
6Al2O3
Sn
Sn3O4
SnO2
SnO
color code:
30 32 34 36 38 40 42
-90 0 90 180
A300
A400
Int
en
sit
y
(ar
b. 
un
it)
2θ (°)
A500(
00
2)
(00
.6)
(02
0)
(00
3)
(-1
12
)
(11
2)
(20
0)
(10
1)
(10
1)
Φ (°)
(10.2)
(101)
120 160 200 350 550 750
Int
en
sit
y
(ar
b. 
un
it)
Raman shift (cm-1)
A500
A400
A300
120 160 200 350 550 750
Int
en
sit
y
(ar
b. 
un
it)
Raman shift (cm-1)
A400
A300
A500
*
*
a) b)
c) d)
A300
1 µm
1 µm
A500
1 µm
A400
Figure 3. Structural characterization of SnO films grown on Al
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O
3
(00.1) at different substrate temperature. a) XRD symmetric
out-of-plane 2Θ−ω scan. Vertical lines indicate the expected positions of reflexes of different phases as indicated by color code
on the right hand side. The inset shows a Φ-scan of skew symmetric substrate and SnO reflexes as indicated of A400. (b)
Top view SEM images. (c) Bulk-sensitive and (d) surface-sensitive Raman spectra measured with an excitation wavelength of
473 and 325 nm, respectively. Vertical lines indicate the peak positions of dominant Raman active phonon modes expected for
different phases as indicated by the color code in (b). The Raman peak marked by “*” is substrate related.
ture visible in the SEM image [Fig. 4(b)]. The related
Raman spectrum [Fig. 4(c)] shows Sn
3
O
4
-related peaks
and a weak SnO contribution, in agreement with the O-
rich flux stoichiometry. In contrast, the layers grown
at lower oxygen flux (0.15 – 0.10 sccm, Y15 –Y10) are
showing strong SnO(002) XRD peaks [Fig. 4(a)] as well
as dominant SnO-related bulk sensitive Raman peaks
[Fig. 4(c)], indicative of a dominant SnO phase, form-
ing a smooth, compact layer as seen in the SEM im-
ages [Fig. 4(c)]. At an oxygen flux of 0.15 sccm, how-
ever, a broad XRD peak around 2Θ = 33
◦
exists that
could be assigned to a secondary Sn
3
O
4
phase accord-
ing to the weak additional bulk-sensitive Raman peaks
and likely visible as crystallites protruding from the
film surface. The films grown at 0.12 and 0.10 sccm,
in contrast, are phase pure gauged by XRD and bulk-
sensitive Raman spectra but exhibit droplets visible in
the SEM images, suggesting metallic Sn as a secondary
phase. In the context of the phase diagram Fig. 1 an
O-flux of 0.15 sccm corresponds to an O-rich stoichiom-
etry with associated phase “SnO(s)+SnO
2
(s)”, whereas
0.12 sccm correspond to a Sn-rich stoichiometry with as-
sociated phase “SnO(s)+Sn(l)”. Also the films grown on
YSZ show that, different from the phase-diagram, under
slightly O-rich conditions the intermediate Sn
3
O
4
rather
than SnO
2
is formed as major secondary oxide phase.
The SnO(002) XRD reflex of Y15, Y12, and Y10 shows
a ω-rocking curve FWHM of 0.67
◦
, 0.46
◦
, and 0.51
◦
, re-
spectively. The insets of [Fig. 4(a)] show the Φ-scan of
Y12 and the related in-plane epitaxial relation between
SnO(001) and YSZ(001) characterized by a 45
◦
rotation
with respect to each other, which reduces the mismatch
from -34 % (a
SnO
= 0.38 nm, a
YSZ
= 0.51 nm) to 5 %
(2a
SnO
= 0.76 nm,
√
2a
YSZ
= 0.72 nm). These data
agree with the out-of-plane and in-plane epitaxial rela-
tion SnO(001) ||YSZ(001) and SnO(110) ||YSZ(100), re-
spectively, reported in Refs. 10,17 for PLD-grown films.
The surface sensitive Raman spectra shown in
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Figure 4. Structural characterization of SnO films grown on YSZ(001) as function of oxygen flux fG. (a) XRD symmetric
out-of-plane 2Θ−ω scan. Vertical lines indicate the expected positions of reflexes of different phases as indicated by color code
on the right hand side. The insets show a Φ-scan of skew symmetric substrate and SnO reflexes as indicated of the sample
grown at 0.12 sccm, as well as a pictorial representation of the 45◦ rotated SnO unit cell for better lattice match. (b) Top
view SEM images. (c) and (d) Bulk -and surface-sensitive Raman spectra measured with an excitation wavelength of 473 and
325 nm, respectively. Vertical lines indicate the position of strong Raman active peaks due to different phases as indicated by
color code on the right hand side. The Raman peak marked by “*” is substrate related.
[Fig. 4(d)] indicate pure Sn3O4 for samples Y18 and Y15,
dominant SnO with a weak Sn3O4 contribution for Y12,
and pure SnO for Y10.
Bulk- and surface sensitive Photoelectron Spectroscopy
Sample Y10 was further analyzed by photoelectron spec-
troscopy. The Sn 3d5/2 core level, exemplarily shown in
Fig. 5(a), consists of up to three contributions that are re-
lated to an increasing oxidation state at increasing bind-
ing energy. The lowest binding energy contribution (at
≈ 485 eV) can be attributed to metallic Sn (Sn0), that
at ≈ 486 eV to SnO (Sn2+), and that at ≈ 487 eV to
SnO2 (Sn4+).52–54 The intensity of the contributions of
the different oxidation states normalized to the total peak
intensity is shown in Fig. 5(b) as a function of photoelec-
tron mean free path λ (λ < 2 nm mesaured by SXPES
and λ > 2nm by HAXPES). The inset shows the depth-
dependent detection probability for photoelectrons for
two different λ that correspond to normal emission HAX-
PES (6.9 nm) and SXPES (1.8 nm). Even though the de-
tection probability is highest for photoelectrons from the
surface in both cases, HAXPES provides a larger frac-
tion of photoelectrons from deeper regions than SXPES.
Consequently, Fig. 5(b) can be discussed as a qualita-
tive depths profiling of the different Sn-related phases
present in the near-surface region of the film: The domi-
nant contribution is stemming from Sn 4+ and makes up
≈ 90 % of the peak intensity within the first 2 nm, which
can only be explained by a SnO2 surface layer. The va-
lence band spectrum taken by surface-sensitive SXPES
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Figure 5. Photoelectron spectra of sample Y10. The binding energy scale is calibrated such that 0 eV correspond to the Fermi
level. (a) Representative Sn 3d5/2 core level measured by bulk-sensitive HAXPES and its decomposition into contributions of
different Sn valence states as labeled. (b) Relative contribution of the different Sn-valence states to the total Sn 3d5/2 core
level as function of detection depth (photoelectron mean free path λ) measured by SXPES (0–2 nm) and HAXPES (2–7 nm) at
different TOA. The inset shows probability distributions of photoelectron detection as function of depth for SXPES (λ = 1.8 nm)
and HAXPES (λ = 6.9 nm) for the lowest TOAs used in this study (9.7 and 5◦ for SXPES and HAXPES, respectively).(c) and
(d) Valence band spectrum of Y10 (red, solid line) along with that of a bulk SnO2 reference sample (blue dashed line, taken
from Ref. 24), SnO(001) thin film grown by PLD taken and adapted from Ref. 51, as well as Sn3O4 taken and adapted from
the supporting information of Ref. 50. Measurements accomplished with HAXPES at TOA=5◦ are bulk sensitive (c) while
those measured by SXPES at TOA=9.7◦ are surface sensitive (d).
resembles that of a pure SnO2 bulk sample (taken from
Ref. 24) as shown in Fig. 5(d). It thus corroborates the
assignment of a few-nm thick SnO2 surface layer, sim-
ilar to findings on air-exposed SnO MBE-grown from
the SnO vapor.8 With increasing λ the Sn 4+ contribu-
tion decreases whereas the Sn 2+ contribution steadily
increases from 10 % at the surface reaching 30 % at the
maximum probed depth (λ = 6.9 nm). This could in
principle be related to the presence of the mixed-valence
tin oxide Sn3O4 [(Sn2+)2(Sn4+)O4]50 below the surface.
In agreement with the absence of Sn3O4 in the surface-
sensitive Raman spectrum of Y10 [Fig. 4(d)] the valence
band spectrum of Y10 shown in Fig. 5(c) taken by bulk-
sensitive HAXPES, however, does not match that of the
Sn3O4 (shown in the supporting information of Ref. 50).
Instead, the valence band spectrum resembles that of
SnO(001) with a small contribution of SnO2 from the sur-
face photoelectrons as comparison to the reference HAX-
PES spectra of SnO224 and SnO(001)51 [also shown in
Fig. 5(c)] yields. Both contributions are labeled. The
shoulder at 1 eV, which is also present in HAXPES from
the PLD-grown SnO(001)51 may indicate the presence
of metallic Sn,52 leading to a valence spectrum similar
to that shown for Sn-added p-type SnO films in Ref.
55. This assignment would agree with a small but dis-
tinct Sn 0 contribution arising at λ > 2 nm as shown in
Fig. 5(b). This Sn0 contribution makes up 4 % of the
total peak area and confirms the assigment of Sn metal
9droplets in the SEM image of Fig. 4(b) that cover a frac-
tion of the film surface.
Hence, photoelectron spectroscopy of Y10 indicates -
different from surface-sensitive Raman scattering - the
presence of a few nm-thick, fully oxidized (i.e., SnO2)
layer as well as the dominant presence of SnO in the bulk,
which, however, is mixed with a small fraction of metallic
Sn. Please note the sensitivity of Raman spectroscopy to
SnO2 is comparably low with the excitation wavelengths
used in this study. Shorter wavelengths would be re-
quired to achieve a resonant enhancement of the SnO2
signal.
C. Summary on phase identification and refined growth
window
Table I gives a summary of the identified phases in our
films by the respective methods. While epitaxial, well-
oriented SnOx phases can be detected by XRD, Raman
scattering is an indispensible tool to also detect polycrys-
talline SnOx phases with less-well oriented crystal planes.
The major SnOx phase with x > 1 is Sn3O4 rather
than SnO2 as shown by Raman scattering. Few-nm thin
surface SnO2 was only identified by photoelectron spec-
troscopy and scanning electron micrographs were deci-
sive in identifying metallic Sn (droplets). Based on the
results we can delineate a growth window for phase-pure
SnO at growth temperatures ranging from 400 – 300 ◦C.
Whether it is possible to obtain phase-pure SnO (with-
out additional Sn) by plasma-assisted MBE remains to
be seen. The corresponding growth window would be de-
lineated by O-fluxes between 0.12 sccm and 0.15 sccm at
a growth temperature of 400◦C. Hence, samples Y12 and
Y15 are closest to stoichiometric, single phase SnO sam-
ples — being slightly Sn-rich and O-rich, respectively.
VI. ELECTRICAL, ELECTROTHERMAL TRANSPORT
AND HOLE EFFECTIVE MASS
A. Room temperature transport properties
The charge carrier transport properties of all films were
determined by room-temperature Hall measurements.
Note, that the hole concentration p and drift mobility µ
are generally related to the quantities extracted by Hall
measurements by the – often ignored – Hall (scattering)
factor rH as: µ = µH/rH and p = pH · rH .56 The fac-
tor rH depends on the charge carrier scattering mecha-
nism, can range from 1 to 2 in the case of non-degenerate
doping, and approaches unity for degenerate doping. In
the non-degenerate case rH = 1.93 for ionized impurity
scattering,56 and has been calculated to be rH = 1.77
for phonon-limted transport in SnO.57 For better com-
parison to literature results we are initially discussing
the Hall quantities pH and µH of our samples shown in
Table II. All films with dominant SnO(001) identified by
XRD showed p-type conductivity with varying Hall hole
concentration (pH between 1.8×1018 and 9.7×1018 cm−3)
and resistivities ρ on the order of 1Ωcm, whereas the
non-SnO films were highly resistive (ρ > 50 Ωcm). A
spread of transport properties on different pieces (named
(“a”, “b”, ...) from the same grown wafer is likely related
to slight flux and/or temperature inhomogeneities, high-
lighting the optimization potential by finetuning growth
parameters similar to what has been reported in Refs.
12,13,58.
The lower hole mobility in the films on sapphire com-
pared to those on YSZ is likely related to the rota-
tional domains and associated domain-boundary scatter-
ing. For the single-crystalline films on YSZ, the highest
Hall mobility of µH = 6.0 cm2/Vs is found in Y15.
B. Temperature-dependent transport, scattering mechansim,
and acceptor type
We investigated the two samples Y15 and Y12 that
are closest to stoichiometric, phase-pure SnO, addition-
ally by temperature-dependent Hall measurements be-
tween 350 and 100K, and discuss the result in the con-
text of available literature data. Analyzing the tem-
perature dependence of transport properties allows us
to conclude on transport mechanisms, acceptor ioniza-
tion energy, and scattering mechanism. To date, the
limited number of reports on temperature-dependent
thin-film transistor characteristics59–61 and temperature-
dependent Hall measurements9,10,17,58 of unintentionally-
doped SnO show a variety of different transport char-
acteristics: The observation of decreasing hole mo-
bility with decreasing temperature has been typically
associated with hopping conductivity or percolative
transport,10,59–61 whereas an increasing hole mobility
has been associated with phonon-scattering limited band
transport by free holes.11,61
Fig. 6(a) shows the extracted Hall hole mobility in
Y12/b and Y15/b as function of temperature in a double-
logarithmic representation. From room temperature to
100K the mobilities of Y12/b and Y15/b increase from
2.5 and 6.0 cm2/Vs to 6 and 18 cm2/Vs, respectively. The
strongly increasing mobility with decreasing tempera-
ture clearly indicates dominant phonon scattering, in
both samples, thus excluding hopping transport as well
as a dominant influence of ionized impurity scattering
(e.g. due to high compensation) or other mobility-
limiting scattering mechanisms (dislocation, neutral im-
purity) at room temperature. In fact, the observed room-
temperature mobilities of Y12/b and Y15/b are above
the estimated mobility limit of µIISH ≈ 2.3 cm2/Vs for ion-
ized impurity scattering, taking into account rH = 1.93
for IIS and the drift mobility µIIS ≈ 1.2 cm2/Vs predicted
for an ionized impurity concentration equalling our hole
concentration in Y12/b,12 further ruling out significant
ionized impurity scattering and compensation. Similar
to Ref. 61 we assign optical phonon scattering to the
10
Table I. Summary of phase identification by the different methods. Phases in “()” denote a weak contribution.
method XRD Raman Raman SEM PES
sample bulk surface
A500 Sn3O4, (Sn or SnO2) Sn3O4, (SnO) Sn3O4, (SnO, Sn) porous, polycrystalline -
A400 SnO SnO, (Sn) Sn3O4, SnO, (Sn) crystallites (+film) -
A300 SnO SnO (Sn3O4, SnO) film (+ crystallites) -
Y18 (SnO, Sn3O4 or Sn) Sn3O4, (SnO) Sn3O4 polycrystalline -
Y15 SnO, (Sn3O4) SnO, (Sn3O4) Sn3O4 film (+ crystallites) -
Y12 SnO SnO SnO, (Sn3O4) film (+ Sn droplets) -
Y10 SnO SnO SnO film (+ Sn droplets) surf. SnO2/ bulk SnO(, Sn)
Table II. Summary of the Hall measurement results (resis-
tivity ρ, Hall hole concentration pH , and Hall mobility µH)
together with the FWHM (4ω) of the SnO(200) reflex for all
samples. Sample names in parenthesis denote non-SnO films.
Hall measurements failed for A500 and Y18, likely due to a
too low mobility.
sample/
piece
4ω
(◦)
ρ
(Ωcm)
pH
(1018cm−3)
µH
(cm2/Vs)
(A500/a) - 53 - -
A400/a 1.10 1.32 4.8±1.0 1.0±0.2
A300/a 1.87 2.08 1.8± 0.3 1.7± 0.3
A300/b 1.10 2.3± 0.1 2.4± 0.1
(Y18/a) - 217 - -
Y15/a 0.67 0.9 2.5± 0.1 2.7± 0.1
Y15/b 0.46 2.3± 0.1 6.0± 0.2
Y12/a 0.46 0.4 4.1± 0.1 3.6± 0.1
Y12/b 0.66 3.8± 0.6 2.5± 0.4
Y10/a 0.51 0.25 9.7± 0.8 2.6± 0.2
Y10/b 0.34 3.42± 0.02 5.41± 0.03
behavior above 200K due to the large exponent of the
observed µH ∝ T−1.31 and µH ∝ T−1.75-dependence of
Y15/b and Y12/b, respectively. In addition, first princi-
ples calculations predict phonon-scattering limited Hall
hole mobilities of µPOPH = 106 and 13 cm
2/Vs in the
c-direction and perpendicular to this direction (i.e., in
the (001) plane), respectively,57 being mainly limited by
polar optical phonon scattering rather than by acoustic
phonon scattering. Its anisotropy is mainly related to the
anisotropy of the effective hole mass predicted by first
principles calculations to be m∗[001] ≈ 0.55me along the
[001] direction and aroundm∗[100] = m
∗
[010] ≈ 3.0me in the
(001)-plane with free electron massme.15,62 The phonon-
limited, room-temperature hole mobilities at of Y12/b
and Y15/b are ranging between reported experimental
Hall hole mobilities from 2 to 3 cm2/Vs (at Hall hole con-
centrations in the range of 2.5 ·1016 to 2.5 ·1017 cm−3) on
other (001)-oriented, single crystalline layers,8,10,17 and
the theoretically predicted limit in the (001)-plane. On
the other hand, significantly higher room-temperature
Hall mobilities have been reported for polycrystalline
SnO (µH = 30 cm2/Vs11 at pH = 7 · 1015 cm−3, µH =
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Figure 6. Hole transport properties of Y12/b and Y15/b
determined by van-der-Pauw-Hall measurements at tempera-
tures T in the range of 100 to 330 K. (a) Hall hole mobility
µH in a double-logarithmic representation including a fitting
curve of the high-temperature region. (b) Hall hole concentra-
tion pH in an Arrhenius-type representation with associated
fit and apparent activation energy Ea.
19 cm2/Vs13 at pH = 2.2 · 1017 cm−3), which can be un-
derstood in terms of transport through crystallites with
the c-axis (high-mobility direction) oriented in-plane. In-
terestingly, Minohara et al. reported high hole mobil-
ities for single-crystalline (001)-oriented SnO layers (c-
11
axis out-of-plane) (µH = 15 cm2/Vs58 at pH = 1017 cm−3
and µH = 21 cm2/Vs12 at pH = 7 · 1016 cm−3), which
is difficult to explain. In addition, the decreasing Hall
hole mobility with decreasing temperature reported for
these layers58 indicates that the room-temperature mo-
bility is mainly limited by other scattering mechanisms
than phonon scattering. Since phonon scattering cannot
be avoided at room temperature, the high mobility may
be related to a different transport mechanism, e.g. with
significantly lower effective hole mass.
Fig. 6(b) shows the extracted Hall hole concentration of
samples Y12/b and Y15/b as function of temperature
in an Arrhenius type plot. It decreases with decreasing
temperature following an activated behavior at an activa-
tion energy of EA = 53 and 40meV, respectively. In fact,
most works on unintentionally-doped SnO report an ac-
tivated Hall hole concentration with room-temperature
values ranging from 7 · 1015 to 2.5 · 1017 cm−3 and ap-
parent activation energies EA in the range from 220 to
40meV,10,11,17 indicative of a non-degenerate doping con-
centration. Assuming a density-of-state (DOS) effective
hole mass of m∗h = (m
∗
[100] · m∗[010] · m∗[001])1/3 ≈ 1.7me
(using the anisotropic effective mass from Ref. 15), a rel-
ative permitivity of r = 18.8,63 and the hydrogenic Bohr
radius aB = 0.053 nm the Mott criterion64 predicts a crit-
ical hole density
pMott = [(0.26 ·m∗h)/(r · aB ·me)]3 (1)
of pMott ≈ 9·1019 cm−3, which indicates a non-degenerate
doping concentration for all SnO layers discussed in this
work and the cited literature. Notwithstanding, Mino-
hara et al. report a temperature-independent Hall hole
concentration of pH ≈ 1017 cm−3 [from which we esti-
mated EA ≈ (−1 ± 2)meV],58 indicative of a (poten-
tially highly compensated) degenerate acceptor concen-
tration, suggesting distinctly different conduction mech-
anism from that in Y12/b, Y15/b, and most other re-
ported literature.
For non-degenerately doped material, the assignment
of the acceptor type is commonly based on the value
of the activation energy EA. Using first principles cal-
culations Varley et al. predicted isolated tin vacancies
(VSn) and their complex with hydrogen (H-VSn) to be
potential acceptors with (0/-1) charge transition levels
155 and 70 meV above the valence band maximum, re-
spectively, that can cause free holes in unintentionally-
doped SnO.15 These energies are considered to be iden-
tical with the acceptor ionization energy 0A for isolated
acceptors. With increasing ionized acceptor concentra-
tion Ni, this ionization energy decreases according to
A = 
0
A[1−(Ni/pMott)1/3]65 due to the onset of acceptor
band formation, and disappears at the critical density
Ni = pMott.66 The apparent activation energy extracted
from the temperature-dependent hole concentration re-
lates to A by EA = A in the case of compensated doping
or EA = A/2 in the case of uncompensated doping.66
Fig. 7 compares the experimentally obtained EA from
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Figure 7. Comparison of the experimentally obtained appar-
ent activation energy EA (symbols) to theoretically prediced
ones for VSn and H-VSn15 as a function of ionized acceptor
concentration Ni taking into account the impact of impurity
bands and compensation. Experimental data points are plot-
ted under the assumption of no compensation (Ni = p) and
would need to be shifted to higher Ni in case of compensation.
Symbol labels indicate the source of data: “Miller”,11 “Ogo”,10
“Hayashi”,17, “Minohara”,58 “Y12” and “Y15” samples Y12/b
and Y15/b of the present work.
Y12/b and Y15/b as well as Refs. 11,17,51,58 to the the-
oretically predicted ones for VSn and H-VSn taking into
account the effect of acceptor band formation. (Note,
that we calculated p from measured and reported pH as-
suming a Hall factor of rH = 1.8 to reflect dominant
polar optical phonon scattering.) Given that the mobil-
ity behavior suggests rather uncompensated acceptors,
the results for Y12/b and Y15/b match the case of VSn
better than that of H-VSn. The large EA extracted from
data of Ref. 11, on the other hand cannot be explained
by either VSn or H-VSn.67
C. Electrothermal transport and DOS effective hole mass
The room-temperature Seebeck coefficient S measured
for all samples is shown in Tab. III. Its positive value fur-
ther confirms hole conduction in all SnO samples (A300,
A400, Y15, Y12, Y10), whereas A500 exhibits a negative
S– in agreement with the reported n-type conductivity
of Sn3O4.69 The high resistivity of Y18 did not allow for
a reliable Seebeck measurement.
The Seebeck coefficient is related to the bulk carrier
concentration and can be used as an alternative to Hall
measurements for the estimation of p if the transport
mechanism is known. For example, in oxides with hole
transport by small-polaron hopping S can be related to
p by:
12
Table III. Calculated DOS effective hole mass (m∗h) based on pH and S from Hall and Seebeck measurements for all SnO samples
as data from literature using Eq. 3 and the related formalism described in Ref. 25. A Hall factor of rH = 1.8 is assumed. The
limiting cases polar optical phonon scattering (POPS, r = 0.5) and ionized impurity scattering (IIS, r = 1.5) are considered.
For comparison, the hole concentration pSPH calculated from S using Eq. 2 is given to test the hypothesis of transport by small
polaron hopping.
sample/
piece
pH
(1018/cm3)
p
(1018/cm3)
S
(µV/K)
pSPH
(1018/cm3)
m∗h (me)
POPS, r = 0.5
m∗h(me)
IIS, r = 1.5
(A500/a) - - -266±7 - - -
A400/a 4.8 ± 1.0 8.6 ± 1.80 390±20 576 ± 129 1.44 0.79
A300/a 1.8 ± 0.3 3.24 ± 0.54 616±26 43 ± 14 4.14 2.14
(Y18/a) - - - - - -
Y15/a 2.5 ± 0.1 4.50 ± 0.18 480±45 228 ± 109 1.82 0.96
Y12/b 3.8 ± 0.6 6.8 ± 1.1 523±7 122 ± 10 3.52 1.83
Y10/a 9.7 ± 0.8 17.46 ± 1.44 543±9 97 ± 10 7.27 3.78
Hayashi17 0.1 0.18 763 7.56 1.88 0.96
Hosono68 0.71 1.28 479 202.9 0.78 0.41
Miller11 0.013 0.023 630 35.3 0.17 0.09
Becker9 0.0046 0.0083 550 89.3 0.05 0.02
Ogo51 0.25 0.45 1990 2× 10−6 45766 23497
SSPH =
kB
e
ln[(2− 2c)/c] (2)
with Boltzmanns constant kB , electronic charge e, and
the fraction of occupied carrier sites c = p/N , i.e., the
ratio of hole concentration p to concentration N of sites
that can be occupied by a hole (e.g., the Sn-site in
SnO).3 For example, this relation has been used to es-
timate p from the measured S in doped p-type oxides
whose hole mobility is too low (µ  1 cm2/Vs) to allow
for Hall measurements, i.e., in Cr2O3:Mg,3 LaCrO3:Sr,4
and NiO:Li.1 For the band-like transport a different re-
lation S = S(p,m∗h, r) holds which has an additional de-
pendence on the DOS effective hole mass (m∗h) and the
Seebeck scattering parameter (r). For non-degenerate
doping (which applies to our films, since p  pMott) it
reads as:70
Snd =
kB
e
·
(
r +
5
2
− EV BM − EF
kBT
)
(3)
with the term (EV BM − EF ) denoting the distance be-
tween Fermi level EF and valence band maximum EV BM
being related to the hole concentration p through semi-
conductor statistics (as described in detail in Ref. 25)
using the valence band DOS parametrized by m∗h. The
Seebeck scattering parameter varies between r = −0.5
for dominant acoustic phonon scattering and r = 1.5 for
dominant ionized impurity scattering. Optical phonon
scattering is typically described by a scattering parame-
ter of r = 0.5.71
Since no experimental values of m∗h of SnO have been
published to date we are using the combination of pH de-
termined by Hall measurements and measured Seebeck
coefficient S to estimate m∗h based on Eq. 3 for the differ-
ent r as previously demonstrated for the n-type semicon-
ducting oxide In2O3.25 The results are shown in Tab. III
along with the hypothetical hole concentration pSPH de-
rived from S under the assumption of small polaron hop-
ping using Eq. 2 and N = 2.66 · 1022 cm−3, the concen-
tration of Sn-atoms. For comparison we have added pH
and associated S reported in the literature.9,11,17,51,68
The drastic discrepancy of the extracted pSPH assuming
small polaron hopping and measured pH demonstrates
for all samples, that the transport is not well described
by small polaron hopping. This corroborates the assump-
tion of band transport by free holes and consequently,
the applicability of the used model according to Eq. 3.
Assuming hole transport to be mainly limited by polar
optical phonon scattering (r = 0.5) or ionized impurity
scattering (r = 1.5) we extracted values of the DOS effec-
tive hole mass m∗h between ≈ 0.8me and ≈ 4me (except
for one value of ≈ 7me ) for SnO our films and that
of Ref. 17. These values are in fair agreement with the
theoretically predicted m∗h = 1.7me, and can be seen
as an experimental confirmation of its order of magni-
tude. Published pH and S from Refs. 9,11,68, would
result in significantly lower values of m∗h. This discrep-
ancy may be related to different transport mechanism or
an inhomogeneous carrier distribution, for example due
to the confinement in a thin accumulation layer. The ac-
tual hole concentration in the accumulation layers would
be higher than that extracted from Hall measurements
(that assume the carriers to be spread across the entire
film thickness),72 and would consequently lead to a larger
extracted DOS effective hole mass.
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Figure 8. Symmetric XRD 2θ − ω scans of pieces of A400
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500 ◦C. For reference purposes the scan of the as grown A400
is shown.
VII. STABILITY OF THE SNO PHASE AFTER GROWTH
The thermal stability of SnO films is highly relevant
for their application with respect to the temperature bud-
get during device processing, e.g., contact annealing, and
the operation temperature, e.g., in power devices. An
early work by Moh reports SnO to be stable with respect
to disproportionation or oxidation only up to 270◦C.73
In contrast, a number of later publications describe the
transformation of polycrystalline SnO into SnO2 upon
annealing in different atmospheres to proceed at temper-
atures between 400 ◦C and 550 ◦C.40,74–78: Geurts et al.
describe the oxidation process from SnO to SnO2 through
the intermediate stoichiometries e.g., Sn3O4 or Sn2O3 at
temperatures ranging from 450 to 650◦C to start by an
internernal displacement of oxygen (disproportionation)
followed by oxidation through incorporation of external
oxygen.40. For the complete oxidation to SnO2 Reddy et
al. reported a temperature of 600 ◦C during a two hour
annealing in oxygen.76 On the other hand, Pei et al. re-
ported highly stable SnO layers reaching their highest
crystalline quality during RTA (with unspecified anneal-
ing time) at 700 ◦C in nitrogen.16 Interestingly, Yabuta et
al. demonstrated that a SiOx capping layer preseves the
SnO layer by preventing oxygen exchange with the envi-
ronment using annealing experiments in nitrogen, oxygen
and air at 400 ◦C.77 We note, however, that a capping
layer cannot prevent disproportionation of the film at
temperatures above ≈ 400 ◦C (cf. Fig1).
We investigated the thermal stability our SnO films
with the example of samples A400 and A400*. Sam-
ple A400* is an additional sample grown under the same
growth conditions as A400, showing the same XRD re-
flexes and exhibiting similar transport properties. Dif-
Table IV. Results of Hall measurements on pieces of A400
and A400* annealed in nitrogen (N2), oxygen (O2) and form-
ing gas (FG) at different temperatures. Annealing temper-
ature Tann. (“a.g.” denotes as-grown, the “*” denotes pieces
of sample A400*), resistivity ρ, Hall hole concentration pH .
(negative values denote n-type conductivity), and Hall hole
mobility µH .
T ann.
(◦C)
gas ρ
(Ωcm)
pH
(1018cm−3)
µH
(cm2/Vs)
a.g. - 1.0 3.9 ± 0.6 1.7 ± 0.3
a.g.* - 1.9 2.7 ± 0.3 1.2 ± 0.3
100 N2 0.8 6.5 ± 0.8 1.2 ± 0.2
200 N2 0.6 6.8 ± 1.3 1.5 ± 0.3
300* N2 1.2 3.5 ± 0.2 1.5 ± 0.1
300* O2 1.3 3.6± 0.5 1.3± 0.2
300* FG 1.1 2.5 ± 0.1 2.2 ± 0.1
400 N2 0.1 - 40 ± 4 1.0 ± 0.1
400* O2 0.2 -1.9 ± 0.2 7.3 ± 0.7
400* FG 0.5 -5.8 ± 0.6 5.5 ± 0.5
500 N2 0.1 -5.8 ± 0.6 8.6 ± 0.9
ferent pieces of these samples were annealed by RTA at
temperatures between 100 ◦C and 500 ◦C for 10 minutes
in nitrogen, oxygen and forming gas (N2 + H2) atmo-
spheres. In Fig. 8 symmetric out-of-plane XRD 2θ − ω
scans of A400 annealed in nitrogen at various tempera-
tures shows preservation of the SnO layer up to 300◦C
and its transformation into mainly Sn3O479 and SnO2 for
temperatures of 400 ◦C and above, in good agreement
with the phase diagram in Fig. 1. The effect of anneal-
ing treatments in different atmospheres on the transport
properties is shown in Tab. IV. Irrespective of the atmo-
sphere, P -type conductivity is preserved for annealing at
300◦C and below with only small quantitative changes
that may also be related to inhomogeneity across the
wafer. More significantly, n-type conductivity is observed
after annealing at 400 ◦C and above for all tested atmo-
spheres, in agreement with the phase change seen by the
XRD results of the samples annealed in N2.
In addition, the stability over time was investigated by
long-term Hall measurements of Y12/a under storage in
ambient air. The measured Hall hole concentration, mo-
bility and sheet resistance are summarized in Fig. 9 for a
period of 120 days. Only a slight change of the electrical
properties is found and a stabilization is indicated after
about 40 days. No change to n-type transport was ob-
served. The long-term stability of the p-type transport
in our SnO films was confirmed in A400/a, A400*, and
Y15/a that were re-measured after a period of 14, 11,
and 15 months, respectively.
These results identify an upper limit for the processing
or operating temperature between 300 and 400 ◦C for de-
vices using SnO layers. Slight changes of the hole density
with time or annealing need further detailed investigation
as they may relate to the unintentional doping. The inde-
pendency from the annealing atmosphere (with and with-
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Figure 9. Hall hole concentration (black squares), sheet resis-
tance (brown squares) and Hall hole mobility (blue squares) of
Y12 stored in ambient atmosphere for up to 120 days after the
growth run. The dashed brown line indicates the saturation
of the sheet resistance after 20 to 40 days.
out O2) suggests the change to n-type transport upon
annealing at 400 ◦C and above to occur by dispropor-
tionation rather than oxidation. Thus, a capping layer
would not allow processing temperatures of 400 ◦C and
above. Long-term device operation using SnO layers is
feasable at room temperature in ambient air. According
to the equilibrium phase diagram (Fig. 1) device oper-
ation should be feasable even up to 400 ◦C, which still
needs to be validated experimentally by long-term aging
studies of actual films at such temperatures.
VIII. CONCLUDING DISCUSSION
Two key features of SnO are its metastability with re-
spect to the formation of (secondary) SnOx phases with
x = 0 or 1 < x ≤ 2 as well as its anisotropic, comparably
high hole mobility.
A. Metastability
The growth of the metastable p-type semiconducting
oxide SnO is challenged by its metastability, which we
described by a theoretically established27 phase diagram
showing regions containing Sn, SnO, and SnO2. Adress-
ing this metastability we presented a rapid, experimental
in-situ approach22 to delineate the SnO growth window
in plasma-assisted molecular beam epitaxy based on the
understanding that SnO2 grows through the intermedi-
ate formation of its suboxide SnO.28 A critical assessment
of potentially present secondary phases was found to re-
quire the combination of different experimental methods:
While XRD is only sensitive to epitaxially well-oriented
phases (mainly SnO in our case), Raman spectroscopy is
essential, in particular for the identification of Sn3O4,34
and SEM is key for the detection of Sn (droplets). Dif-
ferent from the phase diagram, our experimental results
point towards the formation of Sn3O4 rather than SnO2
as secondary phase for slightly O-rich growth conditions.
Near surface Sn3O4 detected by surface-sensitive Ra-
man spectroscopy and a few-nm thick surface SnO2 layer
detected by XPS are likely related to the post-growth
cooldown in oxygen plasma, and may possibly be avoided
by cooldown in vacuum. Layers with the closest sto-
ichiometry to SnO contain a fraction of either Sn3O4
or Sn as secondary phase, necessitating a control of the
Sn-to-O-plasma flux ratios better than 10% used in this
study to achieve complete phase purity. Room tempera-
ture hole transport properties and Seebeck coefficient of
these slightly O-rich and Sn-rich layers (samples Y12 and
Y15) are very similar, suggesting a minor impact of the
secondary phases. A significant enhancement of the hole
mobility due to a secondary Sn-phase reported in Ref. 13
was not reproduced by our Sn-rich films (Y12 and Y10).
Annealing experiments in different atmospheres confirm
structural and electrical stability of SnO layers up to tem-
peratures between 300 and 400 ◦C (in fair agreement with
the phase diagram), defining an upper limit for the ther-
mal budget of processing SnO-containing devices.
B. Hole mobility
At present the understanding of the hole mobility in
SnO is rather limited: The highest room temperature
hole mobility in our (001)-oriented films of 6.0 cm2/Vs
at a hole concentration of 2.3 · 1018 cm−3 in Y15/b was
found to be mainly limited by phonon scattering in non-
degenerate band transport. The same holds true for the
lower mobility of 2.5 cm2/Vs in Y12/b at similar hole
concentration. This behavior is, however, inconsistent
with the significantly higher theoretically predicted Hall
mobility limit due to phonons of µPOPH ≈ 13 cm2/Vs for
this orientation,57 as well as the significantly lower pre-
dicted Hall mobility for ionized impurity scattering of
µIISH ≈ 2.3 cm2/Vs for an ionized acceptor concentra-
tion matching our hole concentration.12 Moreover, for the
same orientation reports by Minohara et al.12,58 of µH ≈
10 to 21 cm2/Vs at lower hole concentration in single-
crystalline layers document a degenerate behavior,58 and
hole transport limited by other mechanisms than phonon
scattering.12,58 The contradiction of these results to our
phonon-limited transport at an even higher hole concen-
tration suggests different types of transport, possibly re-
lated to a significantly lower effective hole mass either
through a modified band structure or a defect band in
the samples by Minohara et al. An initial theoretical ex-
planation involving the effect of Sn interstitials and O
vacancies on band structure has been given by Granato
et al..80 Other reported high hole mobilities of µH ≈
19 and 30 cm2/Vs in the literature for polycrystalline
material11,13 may be related to transport through crys-
tallites with the high-mobility [001]-direction oriented in-
plane, for which the theoretically predicted Hall mobility
15
limit due to phonons is µPOPH ≈ 106 cm2/Vs.57 While the
anisotropy of the effective-mass and transport have been
experimentally determined and shown to match for the
rutile n-type oxide SnO2,81–83 similar experimental stud-
ies are missing for SnO to date.
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